ABSTRACT Perovskite solar cells are known to have a power conversion efficiency dependent on subtle variation in chemical composition and crystal and microstructures of materials, processing conditions, and device fabrication procedures and conditions. The present work demonstrates such strong dependence of power conversion efficiency on a TiO2 film made of the same sol with various aging time. A dense and conformal TiO2 film was prepared by sol-gel method, and the influences of its surface morphology and thickness on performance of perovskite solar cells have been investigated. The surface morphology and thickness of the TiO2 film were tuned by adjusting the aging time of sol, resulting in enhanced short-circuit current density and fill factor of the perovskite solar cells due to increased coverage and roughness of perovskite films, light refraction, and effective charge recombination blocking effect, which were verified by means of the light absorption spectra, photoluminescence of perovskite films with and without hole transport layer, cyclic voltammogram, and electrochemical impedance spectra. The cells with a dense and conformal TiO2 compact layer derived from the sol aged for 4 h exhibit a power conversion efficiency of 15.7%, 50% higher than the efficiency based on TiO2 layer derived from 0 h aging sol and 3 times of the efficiency with TiO2 layer made from 8 h aged sol.
INTRODUCTION
Titanium oxide (TiO2), as a classical n-type semiconducting oxide has three crystal forms: brookite, rutile and anatase [1] . The anatase TiO2 with a band gap of 3.2 eV has found wide applications, such as photocatalysis, chemical and bio-sensors and photovoltaics [2] [3] [4] [5] . TiO2 thin films are often used as photoanode in new generation thin film solar cells, such as dye-sensitized solar cell [6] , perovskite solar cell [7] and quantum dot solar cell [8] . Nowadays the thin film solar cells based on organolead halide perovskite (CH3NH3PbI3) have attracted a lot of interest and enthusiasm due to their higher absorption coefficient, long carrier diffusion length, suitable band gap (about 1.5 eV) and high electronic qualities [9] [10] [11] [12] [13] . The cell structure has been extended from solid-state perovskite-sensitized solar cell to planar heterojunction solar cell [14] [15] [16] . In planar heterojunction structure, the perovskite film also serves as electron transport other than only absorbing material in the sensitized structure [17, 18] . The schematic illustration of the cell structure is shown in Fig. 1 . TiO2 dense film is used as the compact layer which plays an important role in charge transfer. It can effectively prevent charge recombination at the interface of fluorine-doped tin dioxide (FTO) and perovskite or hole transport material (HTM) layer [19] [20] [21] . Additionally, the compact layer can reduce energy barrier between FTO and the active layer, which benefits charge extraction. Furthermore, the band gap of TiO2 is around 3.2 eV (corresponding to the absorption edge of about 380 nm), so the compact layer can protect perovskite layer by absorbing UV-light. Therefore, the desired quality of the compact layer has great positive effects on solar cell performance.
The properties of TiO2 compact films vary with prepared methods, doping with other elements and surface treatments [21] [22] [23] . It has been demonstrated that the thickness, morphology and surface condition of the compact layer can affect the power conversion efficiency (PCE) of solar cells, whereas the compactness is a key character. This research reports a systematic experimental study about effects of surface condition and thickness of the sol-gel derived TiO2 films on its compactness and further on the performances of perovskite solar cells primarily through the control of sol aging. The TiO2 films with different surface condition and thickness varying from 50 to 170 nm were prepared by adjusting sol aging time from 0 to 8 h. The surface condition of the films was investigated by scanning electron microscopy (SEM) and atomic force microscopy (AFM). And the compactness was verified by cyclic voltammogram (CV) measurement and electrochemical impedance spectra (EIS). The photoluminescence of the perovskite films deposited on different TiO2 compact layer with and without hole transport layer was also studied to reveal the impacts of TiO2 compact layer on perovskite film and its charge injection. The final performance enhancement is likely resulted from both increased short-circuit current density (Jsc) and fill factor (FF).
EXPERIMENTAL SECTION

Preparation of the TiO2 compact layers
The TiO2 sol was prepared by a modified sol-gel process which was originally described in literature [24] . Firstly, 0.13 mmol of titanium tetra isopropoxide (Aladdin, 99.999%) was added into 2.5 mL of anhydrous ethanol in a 10-mL volumetric flask. Then hydrochloric acid (HCl, 2 mol L −1 ) as control agent was added dropwise (pH 1.5, about 40 μL). After vigorously stirring, the solution was poured into a 10-mL beaker and stood for hydrolytic condensation occurrence at room temperature. At different stages of aging process, a series of compact film samples were prepared by spin coating the sols aged for 0, 2, 4, 6 and 8 h at 2000 rpm.
Precursor preparation
Methylamine iodide (MAI) was prepared by a previously reported method [25, 26] . Methylamine in methanol (33 wt.%) was mixed with hydroiodic acid (HI, 57 wt.%) in a molar ratio of 1.2:1 at 0°C The HI was added dropwise while stirring. After stirring for 2 h, the solvent was removed through evaporation using rotary evaporator at 60°C. Then the obtained powder was washed by diethyl ether, and recrystallized in methanol at room temperature. Finally, the white powder was dried at 60°C for 24 h in vacuum oven.
As for the methylamine chloride (MACl), hydroiodic acid was replaced by hydrochloric acid (HCl, 33 wt.%). The other procedure was all the same with that of MAI. The perovskite precursor was prepared by dissolving PbI2, MAI, and MACl in N,N-dimethylformamide (DMF) at a 1:1:1 molar ratio, and stirred at 70°C for 3 h, with final concentration of 0.52 mol L −1 [27] . The hole-transporting layer precursor was a solution of 1 mL chlorobenzene with 72.3 mg spiro-OMeTAD, 28.8 μL 4-tert-butylpyridine and 17.5 μL of a 170 mg mL −1 bis(trifluoromethane)sulfonimide lithium salt (LiTFSI).
Fabrication of solar cells
The substrate of solar cells was FTO coated glass. Initially, the FTO was etched by zinc powder and HCl (2 mmol L −1 ), and the glasses were cleaned with deionized water, acetone, deionized water, ethanol and oxygen plasma. Then a TiO2 blocking layer was deposited by spin coating the prepared precursor which was aged for different time, at 2000 rpm for 30 s, and sintered at 500°C for 30 min (rate: 10°C min −1 ). The perovskite precursor was spin-coated on the compact layer, at 2000 rpm for 20 s and dried at 100°C for 1.5 h with both the substrates and precursor pre-heated at 70°C. When the samples were cooled down, a hole-transporting layer was deposited via spin coating at 4000 rpm for 30 s. The devices were allowed to oxidize overnight in a desiccator, and finally, a gold layer was deposited by thermal evaporation.
Characterization
The SEM measurements were performed using a field emission scanning electron microscope (SU8020, Hitachi Co.). The AFM measurements were undertaken by using an Asylum Research (MEP-3D-SA) operated in trapping mode. The absorption spectra were recorded using a Shi-madzu (UV-3600) UV-vis spectrophotometer ranging from 300 to 900 nm. The photoluminescence (PL) measurements were taken by using a Horiba scientific Fluorolog spectrometer and a green laser (532 nm) was used as excitation source. The current density-voltage (J-V) curves were measured under AM 1.5 simulated sunlight (Oriel Sol 3A Solar Simulator, 94063A, Newport Stratford Inc.), equipped with a 300 W Xenon lamp (Newport) and was recorded by a electrochemical workstation (Zahner Company, Germany). The irradiation intensity was calibrated to 100 mW cm −2 with a standard reference crystalline silicon solar cell (Stratford Inc., 91150 V, Newport). The EIS measurements were recorded by IM6ex (Zahner Company, Germany), using light emitting diodes (λ = 455 nm) driven by Expot (Zahner Company, Germany).
RESULTS AND DISCUSSION
The surface morphology and thickness of the compact layers prepared by sols aged for different period of time were observed by SEM and AFM (Fig. 2) . As described in experimental section, all the films were spin coated on FTO substrate, followed by annealing at 500°C for 30 min in air that were all under the same procedure and identical processing conditions. Fig. 2 shows that the thickness of the films increases monotonically from 42 to 170 nm and the particle size in films increases from several nanometers to around 55 nm, as the sol aging time increases from 0 to 8 h. The ultrathin films derived from 0 and 2 h aged sols may have not formed full coverage on the FTO surface. When the aging time increases to 4 h, a conformal film is likely obtained, which still reflects the morphology of FTO surface beneath the TiO2 coating. Further increase of aging time to 8 h results in further increase of the thickness with cracking (Fig. S1 ). The surface roughness of the TiO2 films analyzed from AFM measurements increases first and then decreases with prolonged sol aging time as summarized in Table 1 . The film made from 4 h aged sol has the largest roughness, as a result of combining the roughness of TiO2 compact layer and FTO substrate surface morphology. When the aging time is short, a thin TiO2 coating may not cover the entire FTO surface to form a complete coverage; instead it may recede to the concave surface pockets resulting in a reduced surface roughness. Although an excessive aging results in more extended condensation of TiO2 clusters, the resultant thick coating would eliminate or shadow the rough morphology of the underneath FTO surface, and thus lead to a reduced surface roughness as well. Further investigation is underway to verify the above proposed explanation. Fig. 3 illustrates a possible formation process of sol aging and the corresponding compact layers. The process involves the conversion of monomers into a colloidal dispersion (sol) through multistep and reversible hydrolysis and condensation reactions; the monomers incorporate to the existing nanoclusters (or colloidal particles) and the monoclusters connect with each other through condensation reactions during sol aging, resulting in growth of nanoclusters/nanoparticles [28] . If the sol is allowed to age sufficiently, those nanoclusters would eventually form a percolated network, known as sol-gel transition or gelation. The thickness of film is determined by the concentration of the solid content, the viscosity, and spinning speed. With aging time increases, both particle size and viscosity of the sol would increase in theory. In practice, the viscosity would have no detectable increase until reaching the sol to gel transition, at which the viscosity increases drastically and exponentially converting the liquid sol to solid gel [29] . Similarly the particle size would change little during aging. However, aging would allow the condensation process to proceed continuously with the individual particles/clusters to connect with one another and with the aggregated particles/clusters to grow as schematically indicated in Fig. 2 . Since the particles or clusters or aggregates are significantly small, their size monitoring or determination remains dif- ficult at this moment. Although the quantum confinement has been widely and successfully used to determine the size change of quantum dots of narrow bandgap semiconductors [30] , the quantum confinement in wide bandgap semiconductors like TiO2 studied in this work is very difficult to achieve. Yet another method using the Scherer equation to calculate the crystallite size from the corresponding XRD patterns has been widely accepted for the characterization of commonly well crystallized samples; however, the sol-gel derived TiO2 films prior to thermal annealing have very poor crystallinity (Fig. S2) . The morphological difference in compact film will affect the crystallinity and physical properties of the perovskite film subsequently deposited on the top of it. Fig. 4 shows the UV-vis absorption spectra of the perovskite films deposited on different compact layers. It is found that the perovskite film deposited on compact layers derived by sol aged for 4 h has the best absorption. This may be due to two possible reasons: one is that the biggest roughness of 4 h compact layers leads to better coverage and thickest perovskite film, resulting in best light absorption and the other is that the biggest roughness results in strongest scattering with much increased light travel distance within the perovskite film benefiting the absorption. Light absorption is the first step of photo-to-electric energy conversion in a solar cell, which determines the Jsc.
The TiO2 dense films in solar cells are to block hole transport, so compactness is the primary property of compact layer. The blocking effect of the compact TiO2 films toward charge transfer across the FTO (TiO2)/electrolyte interface is assessed by CVs. The CV measurements were performed − as probing redox. Because the dense TiO2 films block the access of redox probe to FTO, the compactness of the TiO2 films can be monitored. In the CVs, the separation voltage between oxidation and reduction peaks directly reflects the difficulty of charge recombination [31, 22] . Fig. 5 compares the CVs and shows the separation voltage varying appreciably with different compact layers, and the separation voltages are summarized in Table 1 . Without TiO2 compact layer, the separation voltage is the smallest,~1.1 V and the peak current density for both oxidation and reduction peaks is the largest,~0.63 mA cm −2 revealing the easy charge transfer (or charge recombination). When a TiO2 compact layer is applied, the separation voltage increases appreciably and the peak current density decreases, indicative of the effectiveness of blocking charge transfer or charge recombination. The separation voltage increases first from 1.07 to 1.27 V, when the aging time increases from 2 to 4 h; however, the further increase of the aging time to 6 h results in a decreased separation voltage to 1.17 V, likely due to the existence of cracks formed in the thick TiO2 films. The CV results are further compared with and supported by the EIS data as discussed below.
The EIS measurements were conducted on the complete solar cell devices with different compact layers to verify its impacts on charge transfer and transport properties. In a typical Nyquist plot of perovskite solar cell, the high frequency arc is commonly associated with the hole transport in HTM, while the arc at lower frequencies is related to recombination resistance at the interface [32] . Fig. 6 shows the Nyquist plots of the devices with different compact lay- ers, as measured with a bias potential of 0.8 V in dark. The Nyquist plots are clearly dominated by the semicircle at intermediate frequency, which is related to the recombination resistance of cell. Therefore, a relatively simple equivalent circuit has fitted to the data (the inset) [33, 34] . The presumable small semicircle in the high frequency region is not found, indicating very small transport resistance in HTM. Diameter of the semicircle represents the recombination resistance which is summarized in Table 1 . The cell with a TiO2 compact layer made by sol aged for 4 h has the biggest recombination resistance, which resulted from the most reduced charge recombination. The reduction of charge recombination would enhance both the Jsc and FF of the solar cells when other parameters remain the same. The PL measurements were executed to study the exciton dissociation and charge transport [16, 35] . Two types of structures with compact layers made from the sols aged for 2, 4, and 6 h were made and subjected to PL measurements. The structure of the first set of samples is FTO/compact layer/perovskite layer (the inset). As shown in Fig.  7a , the samples just have one light absorption function, so photo-generated electron-hole pairs would not be easily separated and transported away or dispersed effectively if the compact layer functions well [36] . The higher PL emission of the perovskite film deposited on 4 h compact film is indicative of better blocking character of compact layer, than both the TiO2 films aged for 2 or 6 h. The second set of structures is with the addition of HTM layers on the perovskite films, so a p-n junction is formed in each sample. Therefore, photo-generated electron-hole pairs can be readily dissociated and dispersed, resulting in serious luminescence quenching. The PL presented in Fig. 7b , has a similar intensity as that in Fig. 7a ., even though the laser intensity applied here is 2 orders of magnitude stronger than that used for the first samples, due to the significant quenching effect. Comparison of the PL in Fig. 7b reveals that the samples with compact films made by sol aged for 4 h show the most obvious quenching effect, indicating that the exciton separation and transfer is most effective [37] . The biggest roughness of the TiO2 film from 4 h aged sol may provide the best contact between the TiO2 and perovskite film and offer the most effective electron transfer, and consequently reduce charge recombination at the interface between the perovskite and FTO or HTM. The J-V curves of the solar cells constructed with different compact TiO2 layers corroborate the results and explanations presented above. The TiO2 compact film made by the sol aged for 4 h can effectively reduce charge recombination and increase light absorption in perovskite film, which would enhance the Jsc and the open circuit voltage (Voc) of the solar cells. The FF is another importance parameter of the solar cells which generally represents how ''difficult'' or how ''easy'' the photo-generated carriers can be extracted out of a photovoltaic device. As shown in Fig.  8 and Table 2 , the devices with TiO2 compact layers made by spin coating the sol aged for 0, 2, to 4 h show a significant enhancement in Jsc from 14.75 to 20.45 mA cm −2 and a slight increase in FF from 0.68 to 0.74. Consequently, the PCE increases from 10.16% to 15.66%. For the solar cells constructed on the compact layers made from the sols aged for 6 and 8 h, the Jsc and FF decease from 20.45 to 9.01 mA cm −2 and 0.74 to 0.63, most likely due to the excessive transport resistance through the thick films and the charge recombination through the cracks [38] . The best PCE of 15.66% was obtained when the compact layer was made from 4 h aged sol, and an average efficiency of 14.01% in 20 samples was achieved. The solar cells with compact layers made from the sols aged less than 4 h or more than 4 h exhibit lower PCE. Such a variation in PCE is consistent and in good agreement with the electrochemical and optical measurements. The CVs and impedance spectra show that the compact films used sol aged for 4 h have better hole blocking effect and, thus, more reduction in charge recombination, therefore, the Jsc and FF of the corresponding cells would be improved. In addition, the PL demonstrates that the compact film made from 4 h aged sol with large roughness likely results in the deposition of thick perovskite film for more efficient light absorption and facilitates better charge injection. It should also be noted that the present study revealed no appreciable impact of TiO2 compact layers made from sols aged for a different duration on the J-V hysteresis commonly observed in perovskite solar cells as shown in 
CONCLUSIONS
The present work demonstrated and reaffirmed that the performance of perovskite solar cells can be affected by many subtle variation in materials, processing conditions and fabrication procedure. When a compact TiO2 thin film is made from the same sol but with a varied duration of aging time, the PCE of the perovskite solar cells varied significantly. It was found that the coverage, surface morphology, and thickness of the compact layer strongly affect the performance of the solar cells. The compact film made from sol aged for 4 h possesses the largest roughness and full coverage with moderate film thickness offering the deposition of thick perovskite film with presumably a good adhesion, effective light scattering, good charge injection and separation, and collectively leads to the best PCE of 15.66%, more than 50% improvement from the solar cell based on TiO2 films made from sols aged less or more than 4 h. 
